We consider a scenario, within the framework of the MSSM, in which dark matter is bino-like and dark matter-nucleon spin-independent scattering occurs via the exchange of light squarks which exhibit left-right mixing. We show that direct detection experiments such as LUX and SuperCDMS will be sensitive to a wide class of such models through spin-independent scattering. Moreover, these models exhibit properties, such as isospin violation, that are not typically observed for the MSSM LSP if scattering occurs primarily through Higgs exchange. The dominant nuclear physics uncertainty is the quark content of the nucleon, particularly the strangeness content.
I. INTRODUCTION
Within the framework of the MSSM, where the lightest neutralino is a dark matter candidate, dark matter can scatter off nuclei via the exchange of the Z-boson, a Higgs boson, or a squark. If dark matter-nuclei scattering is spin-independent, it is typically assumed that scattering arises through Higgs exchange, with the scattering cross section depending on the higgsino fraction of the lightest neutralino. In this work, we investigate an alternative scenario, in which the lightest neutralino is bino-like and exhibits spin-independent scattering against nuclei via light squark exchange. Our goal in this work is to study a range of models, consistent with current data and the uncertainties in nuclear physics, for which current or upcoming direct detection experiments could observe spin-independent scattering via squark exchange.
Under typical model assumptions, spin-independent scattering of MSSM neutralino dark matter with nuclei is significantly simplified: because the lightest neutralino of the MSSM is a Majorana fermion, Z-boson exchange yields a scattering matrix element that is largely spin-dependent, while the spin-independent piece is velocity-suppressed and is therefore subdominant. Squark-exchange diagrams can usually be neglected because the spin-independent part of the matrix element is proportional to the mixing between the left-handed and righthanded light squarks; one typically assumes minimal flavor violation (especially in simplified frameworks such as the CMSSM, and even in more general, low-scale studies of the MSSM such as the pMSSM [1] ), where the mixing between left and right light squarks is heavily suppressed. Spin-independent scattering with nuclei is then due to Higgs exchange processes, with the scattering cross section largely determined by the dark matter mass and its bino and higgsino fraction. Higgs exchange results in dark matter-nucleon scattering that is largely isospin invariant. However, if one allows deviations from minimal flavor violation, the mixing angle for the light squarks could be large, resulting in an observable spin-independent scattering cross section due to squark exchange. Moreover, the relative strength of the coupling of dark matter to protons and neutrons can vary over a wide range.
In this scenario, largely bino-like dark matter can potentially be observed via spinindependent scattering at direct detection experiments. Bino-like dark matter has recently been reconsidered in [2] [3] [4] , in which it has been argued that slepton mixing can permit swave annihilation that depletes the dark matter density enough to obtain consistency with cosmological observations, thus reopening the "bulk" region of MSSM parameter space. We will see that the parameter space of these bino-like models factorizes into several sectors; while the slepton sector is relevant for determining the dark matter density, the light squark sector is relevant for dark matter direct detection.
A large uncertainty in the the spin-independent scattering cross section of dark matter with nuclei arises from the strange quark content of the nucleon. Results from chiral perturbation theory have long led to the conclusion that strange quarks were a significant component of the nucleus, implying that a coupling between dark matter and strange quarks could lead to spin-independent scattering that could be detected at upcoming direct detection experiments. But more recent results from lattice QCD have suggested that the strange quark content of the nucleon might actually be quite small. This uncertainty is especially significant for MSSM models in the focus-point region of parameter space; spin-independent scattering for these models proceeds through Higgs exchange, and the largest relevant Higgsquark coupling is to the strange quark. These uncertainties are thus essential for determining if the focus point region is still viable or not (for example, [5] and [6] ). We will see that for bino-like dark matter, on the other hand, not only is it imperative to understand the quark content of nucleons, it may be that the coupling of dark matter to first generation quarks can be the dominant contributor to scattering.
The outline of this paper is as follows. In section II we illustrate the relationship between the different sectors of parameter space (heavy quark, light quark, and lepton) and the observables on which we focus. In section III we discuss the details of predicting the spinindependent scattering cross section of bino-like neutralinos with nuclei, including relevant uncertainties in the quark content of the nucleons, which are necessary to parametrize the scattering. In section IV we describe other constraints on this class of models arising from LHC searches, dark matter annihilation, and magnetic dipole moment measurements. In section V we present a quantitative analysis of the sensitivity of direct detection experiments to this class of models. We conclude with a discussion of our results in section VI.
II. DECOUPLING OF THREE SECTORS
Within the MSSM, there are a plethora of observable quantities that, if different from the Standard Model expectation, would be evidence of supersymmetry or particle dark matter. Here, we consider the case of bino-like neutralino dark matter, which requires M 1 µ, M 2 , where M 1 and M 2 are the bino and wino masses, respectively, and µ is the Higgs mixing parameter. Given that no supersymmetric particles have yet been discovered at the LHC or elsewhere, we focus on the following relevant observables:
• Higgs boson mass: In the decoupling limit, the light CP -even Higgs mass in the MSSM can be approximated as
where, mt = √ mt 1 mt 2 , β and v are related to the vacuum expectation values for the Higgs doublets, tan β = v u /v d and v
, and X t = A t − µ/ tan β [7] . We have neglectedb andτ loops, which can lead to percent-level corrections, as well as hypercharge couplings from the D-term potential, which result in contributions that are small compared to those due to the top Yukawa coupling.
• Dark matter annihilation cross section: An annihilation cross section consistent with the measured dark matter abundance within the thermal WIMP paradigm can be obtained in a variety of ways. For example, as shown in Refs. [3] and [4] , it is possible to achieve a relic abundance of neutralinos that would explain the dark matter in the Universe solely via t-channel slepton exchange in "bulk"-type scenarios. In this case, light sleptons with non-negligible left-right mixing are required. Other mechanisms include coannihilations with light sleptons or squarks. Coannihilations with light neutralinos and/or charginos are also possible, and could be accomplished for M 1 ≈ M 2 or for a higgsino-like LSP, though each would lead to further complications in the analysis performed here. Likewise, doping the LSP with some higgsino content would facilitate annihilations (see, eg. [3] ), though, again, this would induce neutralino-nucleon scattering via Higgs exchange, a scenario we do not consider for simplicity. Finally, the measured dark matter abundance could also be accomplished via resonant annihilations, as in the so-called Higgs funnel region [8] .
• Dark matter-nucleon spin-independent scattering cross section: Purely bino-like neutralinos scatter with nuclei solely via squark exchange. In the absence of mixing between left-and right-handed squarks, this scattering is either spin-dependent or velocity-suppressed. With mixing, however, there will also be a velocity-independent contribution to the spin-independent scattering cross section. The cross section for spin independent elastic scattering for pure bino LSPs is therefore determined, to lowest order in velocity, only by the bino mass, M 1 , and the relevant squark masses and mixing angles.
We are thus led to three decoupled sectors of parameter-space:
• Heavy sector: Choose µ, heavy squark masses, and top trilinear couplings to obtain a mass for the light CP -even Higgs boson consistent with observations. Also decouple the wino and gluino, as well as, possibly, some of the sleptons.
• Relic Density sector: For a given bino mass, choose slepton masses and mixings to achieve the dark matter relic abundance. Alternatively, the abundance may be achieved via coannihilations with squarks.
• Direct Detection sector: For a given bino mass, neutralino-nucleon elastic scattering cross sections are determined by the light squark masses and mixings.
III. DARK MATTER SCATTERING WITH NUCLEI
In this section, we discuss the details of predicting the spin-independent elastic scattering cross section for binos on nuclei. First, we present the framework for the calculation, assuming a model for binos interacting with quarks via squark exchange. Next, we explore the details of the quark-nucleon matrix elements necessary to interpolate between theories of dark matter-quark scattering and limits on interactions with nuclei in detectors. Finally, we comment on the fact that the interactions explored here are not, in general, isospin-invariant, as is often assumed for neutralino dark matter in the MSSM.
A. Scattering Cross Section
A generic model for singlet dark matter that couples to Standard Model fermions through the exchange of charged scalars was considered, for example, in [9] , and the results can be applied to the specific case of bino-like dark matter. One can write the left-and right-handed squarks,q L,R , as a mixture of the non-degenerate squark mass eigenstates,q 1,2 , q L =q 1 cos φq +q 2 sin φR = −q 1 sin φq +q 2 cos φq,
where φq is the squark mixing angle and we have dropped the potential CP -violating phase.
The s-and u-channel scattering of binos with quarks via squark exchange are shown in Figure 1 , where the necessity of L-R mixing is explicit. For simplicity, and without loss of generality, we assume mq 1 ≤ mq 2 . For the momentum transfer relevant for elastic scattering, the scattering interaction can be represented as a dark matter-quark four-point contact
Bino dark matter scattering with quarks via squark exchange assuming left-right mixing.
operator. The operator relevant for velocity-independent, spin-independent elastic scattering is
where g is the hypercharge coupling constant and Y L,R are the hypercharges of the left-and right-handed quarks, respectively. Note that if we had allowed for a CP -violating phase, there would be additional operators that permit spin-independent scattering, but they would be velocity-suppressed. The dark matter-nucleon spin-independent elastic scattering cross section is then given by
where µ is the reduced mass of the DM-nucleon system and B N q are the integrated nucleon form factors for quarks q = u, d, s and nucleons N = p, n. For the models we consider, we may always assume m p mχ. In the limit of one non-decoupled light squark flavor, with mχ mq 1 , this expression simplifies, yielding
where the second line is obtained for light strange squarks, with σ p SI (s) = 2.9 × 10 −10 pb for maximal squark mixing, ms 1 = 1 TeV ms 2 , and a reference value for B p s . In the limit mχ ∼ mq 1 , it is more convenient to express the scattering cross-section as where, similarly, in the second line, σ p SI (s) = 2.9 × 10 −6 pb for m
ms 1 . These approximate expressions indicate that the spin-independent scattering cross sections due to squark exchange are in the range to be explored by direct dark matter searches. Furthermore, the cross sections for scattering via the exchange of any light squark may be obtained by rescaling Equations 5 or 6 with the appropriate hypercharge, nucleon form factor, and squark mixing angle. We note that the following analysis makes use of the more exact expression, Equation 4.
B. Quark Content of the Nucleon
The integrated nucleon form factors for light quarks are just the quark nucleon matrix elements,
where we note that the matrix elements are also proportional to the form factors f N q , with the constant of proportionality being the ratio of the nucleon mass, m N , to the quark mass, m q . Proton and neutron matrix elements are related by
Numerical values for each B N q may be determined from a variety of techniques. It is generally more convenient to consider the parameters Σ πN , σ 0 , and z:
We see that the nucleon form factors, which often appear in calculations of the spinindependent scattering of WIMPs with nuclei, can then be expressed as
where y is typically referred to as the strangeness content of the nucleon,
The parameter z is calculated purely from the baryon octet mass differences, with the result z = 1.49 (this result has small errors relative to the uncertainty in σ 0 and Σ πN as discussed below) [10] . At the present moment, the largest drivers of uncertainty in the calculation of neutralino-nucleon elastic scattering cross sections are the strangeness content of the nucleon [11] , the measurement of Σ πN , and the measurement of the quark masses. The value of Σ πN can be determined from pion-nucleon scattering data, but with quite large uncertainties. Recent analyses find Σ πN = 64±8 MeV [12] and Σ πN = 59±7 MeV [13] ; these values are larger by more than 2σ than those found in previous analyses [14] .
σ 0 can either be fit from the baryon masses in chiral perturbation theory, or inferred from lattice QCD studies. The former method, when applied to the baryon octet masses at O(p 2 ) at tree-level in chiral perturbation theory, yields σ 0 = 27 MeV and a very large strangeness content such that f , but predict a small value for Σ πN that is in tension with recent determinations [15] . Moreover, recent studies show that the chiral perturbation theory result may also be consistent with much larger values of σ 0 [16, 17] and with f
, if one includes higher orders in the momentum expansion and includes the baryon decouplet. In this case, it is possible to reconcile small strangeness content with the large value of Σ πN ≈ 60 MeV.
As discussed in [18] , it is not only the values of the quantities Σ πN and σ 0 that affect the predicted scattering cross sections, but also their difference: for σ 0 ≈ Σ πN (y ≈ 0), the strangeness content of the nucleon becomes negligible, while for larger differences, the strangeness content dominates. This is immediately obvious if we consider the integrated nucleon form factors,
We see that even if strange squarks are heavy and contribute negligibly to dark matter-nucleon scattering, the uncertainty in the dark matter-nucleon scattering cross section is still influenced by the strange quark content of the nucleon. The values of B N q are given in Table I for the limiting reference cases y → 0 and y → 1, as well as the benchmark case y = 0.06 which yields B N s = 0.5 for the central value Σ πN = 59 MeV. We note that this corresponds to f N s = 0.0567, which is, for example, 27% larger than the value f N s = 0.0447 set as the default in micrOMEGAs versions 3.0 to 3.5.5 [19] .
The final source of uncertainty that we discuss is that in the masses of the light quarks, which cannot be neglected (in contrast to the example studied in [18] ). A pure bino LSP will only scatter via squark exchange, and scattering will be spin-independent in the nonrelativistic limit only if there is L-R mixing in the squark sector; this is the dominant process we consider. However, typically, the L-R mixing is taken to be negligible for light squarks in the MSSM (φq ≈ 0), leading to a nearly-diagonal mixing matrix (details are included in the Appendix; specifically, the mixing matrix given in eq. A2). In this case, the higgsino content of the LSP dominates spin-independent scattering, via Higgs exchange. As discussed in [18] , one then finds σ
, the entire scattering cross section depends only on ratios of the light quark masses, which are fairly well constrained [20] . Here, we focus specifically on spin-independent scattering via squark exchange, for which σ
SI clearly depends on the absolute masses of the up and down quark. In Table I and throughout this analysis, we consider only the central values for the light quark masses [21] ,
−0.5 MeV and m d = 4.8
and note that all B N q scale as 1/(m u + m d ), which is an additional source of uncertainty in the ability of experiments to constrain these models 1 . In the figures presented in Section V, we display only a cross section band related to the uncertainty in Σ πN and the strangeness content of the nucleon.
Finally, we note that if the superpartners of the heavy quarks (c, b and t) exhibit left-right mixing, they can also potentially contribute to bino-nucleon spin-independent scattering via a heavy quark loop, which couples to the gluon content of the nucleon. The effective integrated nucleon form factors for the heavy quarks can be determined from anomaly considerations [23] , and are given by
Since
Q , these contributions are expected to be subleading unless the light quark superpartners are either heavier or have suppressed left-right mixing. We also point out that since one might expect the strange quark content of the nucleon to be at least as large as that of the heavy quarks (i.e. f 
C. Isospin Violation
In this scenario, dark matter interactions are generically isospin-violating [24] [25] [26] [27] [28] [29] . Isospin violation in spin-independent scattering is typically parameterized in terms of f p,n , the coupling of dark matter to protons and neutrons. In particular, σ
2 . In this scenario, this ratio of couplings can be expressed as
Because B p s ∼ B n s , bino spin-independent scattering will be largely isospin-invariant if it is dominated by strange squark exchange. Generically, however, f n /f p may assume any value, including negative values. In fact, even if up and down squarks are mass degenerate and have the same mixing angle, bino scattering will be isospin-violating because Y Ru = Y Rd . It is thus worth noting that even a bino-like LSP of the MSSM can be an example of isospin-violating dark matter (IVDM).
In the limit where spin-independent scattering is dominated by the exchange of one squark flavor, the above expression simplifies to f n /f p ∼ B n q /B p q . If scattering is dominated by the exchange of up, down, or strange squarks, and the strangeness content is relatively small, f n /f p ≈ 2/3, 3/2, 1, respectively (see, for example, [30] ).
IV. OTHER SIGNALS AND CONSTRAINTS
If one introduces large left-right sfermion mixing, one may potentially generate new vacua under which U (1) EM or SU (3) QCD are broken. Severe constraints on the mixing angle arise if one requires that the neutral vacuum is a global minimum. But if one only requires that the neutral vacuum is metastable with a lifetime of order the age of the universe, then the constraints are considerably weaker (see, for example, [31] ). For the masses considered here, even maximal mixing is consistent with the metastability constraint.
There are several other potential signals and constraints for this scenario, which we address.
A. Bounds on Squark Masses from the LHC
Exclusion limits for direct squark production with decoupled gluinos at LHC require mq > ∼ O( TeV) assuming eight degenerate light flavor squarks and mχ ∼ O(100 GeV) [32] . If we allow for one non-degenerate light flavor squark then the mass constraints are significantly weakened to mq 1 > ∼ O(500 GeV). In the limit of decoupled gluinos, light flavor squarks are produced primarily through an s-channel gluon, resulting in similar production cross sections for first and second generation squarks. As the gluino mass decreases, t-channel gluino exchange will start to dominate squark production, and the first generation squark production cross section will be enhanced relative to second generation squarks due to the parton distribution functions (PDFs). Thus, for mg ∼ O( TeV), the exclusion limits for a non-degenerate first generation squark are roughly twice as strong as the exclusion limits for a non-degenerate second generation squark [33] .
B. Dark Matter Annihilation
If light squarks exhibit significant left-right mixing, then bino dark matter can annihilate via t-channel squark exchange (χχ →qq), with neither p-wave nor chirality suppression. This scenario was considered in [4] , for example, in the context of light sleptons; the relevant annihilation cross sections for light squarks should be rescaled by a factor < 1, which accounts for the squark hypercharges and the final state color factor. In [4] , it was shown that in order to obtain σχχ →f f v ∼ 1 pb, one would need sfermions as light as ∼ 150 GeV. Given current constraints on squark masses, the processχχ →qq can only play a subleading role in dark matter freeze out. However, as shown in [4] , slepton masses are much less constrained, allowing the annihilation processχχ →¯ to sufficiently deplete the bino relic density.
However, in the region of parameter space where mχ ∼ mq 1 , the bino-squark coannihilation processχq 1 → q(γ, Z, g, h) can be significant in the early universe. Moreover, the spin-independent scattering cross section receives a resonant enhancement in this region of parameter space (see eq. 6). This "light squark co-annihilation" region is thus correlated with interesting signals at direct detection experiments.
C. Constraints on Dipole Moments of Quarks
If the light squarks exhibit left-right mixing, then there can be a significant contribution to the quark magnetic dipole moment arising from a bino-squark one-loop diagram (a similar effect has been discussed in the context of light sleptons [4, 34, 35] ). The contribution to the magnetic moment in the m q → 0 limit is
where r i = m 2 χ /m 2 q i . In the limit r i ∼ 0, mq 1 mq 2 limit, we find
Thus current constraints from direct detection experiments already rule out models for which ∆a q ( GeV/m q ) 10 −9 for mχ = 50 GeV. The magnetic dipole moments of light current quarks are constrained by LEP data [36] , because new physics that can contribute to an anomalous helicity-mixing term in thef f γ vertex can also contribute to an anomalous helicity-mixing term in thef f Z vertex, leading to a new contribution to the width of the Z. These bounds depend on the precise coupling, but the tightest bounds are roughly ∆a u,d 10 −5 , ∆a s 10 −3 . Applying Eq. 17, where we take m q to be a current quark mass, we see that these bounds are also not very constraining for σ N SI relevant for direct detection. The magnetic dipole moments of light constituent quarks can also be constrained by measurements of the magnetic dipole moments of baryons. In the static quark model, the magnetic moments of the proton and neutron, g p and g n , can be expressed in terms of the quantities ∆a q (m N /m q ). However, the uncertainty in this expression can be roughly estimated by the deviation of the measured baryon dipole moments from the predicted ratio g n /g p = −2/3. This uncertainty is of order 10 −2 , implying that the baryon moments do not significantly constrain the spin-independent scattering cross sections relevant for this analysis.
A bino-squark loop diagram also contributes to the chromomagnetic dipole moment of the quark. This contribution is also given by eq. 16, up to a QCD group theory factor. The anomalous chromomagnetic moment of the current quarks can be bounded by the LHC at ∆a 10 −5 [37] . These bounds are thus also superseded by current bounds from direct detection experiments.
V. ANALYSIS
We now consider the sensitivity of direct detection experiments to the class of models considered here. First, we focus on strange squarks as the mediators of bino-nucleon scattering. At the end of this section, we will return to the possibility of up and/or down squarks as the mediators.
If strange squarks are relatively light, while all other squarks are decoupled, bino-nucleon scattering is isospin invariant, so one can directly compare the predicted scattering cross sections to the published sensitivities of direct dark matter searches. In Figure 2 , we plot sensitivity contours for LUX, in the (ms 1 , ms 2 ) plane, for mχ = 50 GeV and maximal leftright squark mixing, assuming B N s = 0.5. The grey region is ruled out by current LUX data [38] , while the red region could be probed by LUX with 300 days of data, and the blue region could be probed by LZ-7 [39] 2 . Note that if mχ
q ; one can determine the LUX sensitivity for a different mixing angle or integrated nucleon form factor by rescaling mq 1,2 appropriately. Similarly, the LUX sensitivity for different squark flavors is easily obtained by rescaling mq 1,2 for the relevant choice of parameter values.
In Figure 3 , we plot sensitivity contours for direct detection experiments in the (mχ, ms 1 ) plane for ms 2 = 10 TeV, sin(2φ s ) = 1, and B N s = 0.5. The color scheme is the same as in Figure 2 . Only the region ms 1 > mχ is relevant; otherwise the lightest supersymmetric particle would be a squark. Even for the somewhat conservative value of y ≈ 0.06 that leads to B N s = 0.5, direct dark matter searches will be sensitive to models in which the lightest colored superpartners are multi-TeV squarks with masses well beyond the reach of the LHC operating at a center of mass energy of 14 TeV (LHC-14) [40]. It is interesting to note that direct detection experiments are sensitive even to models with mχ, ms 1 ∼ O(several TeV), provided the bino and lightest squark are sufficiently degenerate. This reflects the resonant enhancement in the scattering cross section. For mχ ≈ mq 1 , it is important to note that although the scattering cross section formally diverges at the point of exact degeneracy in the massless quark limit, the physical event rate exhibits no such divergence. In the expression Direct detection sensitivity plots in the (ms 1 , ms 2 ) plane for bino dark matter with mχ = 50 GeV. We assume that only the strange squarks are light, with maximal left-right squark mixing, and take B N s = 0.5. The grey region is ruled out by current LUX data [38] , while the red region could be probed by LUX with 300 days of data, and the blue region could be probed by LZ-7 [39] .
for the scattering cross section (Eq. 4), we have assumed that the momentum transfer is negligible; in the exact expression, one instead finds dσ
R in the degenerate limit, where E R is the recoil energy. Any physical direct detection experiment is insensitive to scatters with E R < E th , where E th is the experimental threshold; the actual event rate is thus finite.
Finally, Figure 3 demonstrates that for ms 2 = 10 TeV, even for mχ ms 1 , LZ-7 will be sensitive to all models with maximal mixing for which ms 1 2.7 TeV. If the strangeness content of the nucleon is larger than y ≈ 0.06 (that is, if σ 0 is significantly smaller than Σ πN ), then LZ-7 will be sensitive to models in which the lightest colored superpartner is well beyond the reach of LHC-14, irrespective of the mass of the dark matter particle. For example, for B N s = 0.76 (corresponding to a strangeness content of y ≈ 0.1 for Σ πN = 59 MeV), the LZ-7 sensitivity region in Fig. 3 would extent beyond 3 TeV for all dark matter masses mχ 15 GeV. Moreover, the reach in ms 1 improves for heavier ms 2 . If, on the other hand, the squarks are degenerate, it is clear from Eq. 3 or 4 that the scattering cross section due to squark exchange will vanish.
In Figure 4 , we plot sensitivity curves for direct detection experiments in the (R 2 and we assume mχ = 50 GeV, ms 2 = 10 TeV. The color scheme is the same as in Figure 2 . We see that next generation direct detection experiments will be sensitive to models with squark masses that are allowed by LHC constraints and with mixing angles as small as φs ∼ 0.01 in the mχ ms 1 regime, even assuming B 3 . Direct detection sensitivity plots in the (mχ, ms 1 ) plane for bino dark matter with ms 2 = 10 TeV. We assume that only the strange squarks are light, with maximal left-right squark mixing, and take B N s = 0.5. The grey region is ruled out by current LUX data [38] , while the red region could be probed by LUX with 300 days of data, and the blue region could be probed by LZ-7 [39] . Note, only the region mχ < ms 1 is physically relevant.
become comparable to those arising from left-right squark mixing.
In Figure 5 , we plot sensitivity curves for direct detection experiments in the (mχ, σ N SI ) plane, along with predictions for the models we discuss with ms 1 = 2 TeV, ms 2 = 10 TeV, and sin(2φs) = 1. Again, the black line is the bound from current LUX data [38] , while the dashed red line is the sensitivity curve for LUX with 300 days of data, and the blue dot-dashed curve could be probed by LZ-7 [39] . The green bands indicate the uncertainty in the scattering cross section for the above model as a function of the strangeness content of the nucleon. The dark green band indicates the predicted SI-scattering cross section if one takes σ 0 = 27 MeV and allows σ πN to vary within its 2σ uncertainty. The light green band indicates the predicted spin-independent scattering cross section if one decreases the strangeness content further, to a minimum of B N s = 0.5 (which, again, is still larger than the value favored by lattice calculations and the value used by default in micrOMEGAs versions 3.0 through 3.5.5 [19] ). Note that the spin-independent scattering cross section scales as sin 2 (2φs); for a different choice one can simply rescale the cross section appropriately. Similarly, in the mχ ms 1 limit, the cross section scales as m . Again we see that the sensitivity of direct detection experiments grows rapidly as one approaches the limit mχ ∼ ms 1 , but this effect will be cut off by the momentum transfer of the scattering process, as discussed above.
We have demonstrated that if spin-independent scattering is mediated by strange squarks, then the sensitivity of direct detection experiments depends crucially on the strangeness content of the nucleon, and can result in scattering cross sections that vary over many orders of magnitude, a conclusion which is further strengthened if one considers the even smaller 
Rq sin 2 (2φq)(B N q ) 2 , ms 2 = 10 TeV, mχ = 50 GeV. We assume that only the strange squarks are light. The grey region is ruled out by current LUX data [38] , while the red region could be probed by LUX with 300 days of data, and the blue region could be probed by LZ-7 [39] .
nucleon form factors favored by lattice calculations. We now turn briefly to the case of scattering mediated by up or down squarks. An important difference between scattering mediated by strange squarks vs. up or down squarks is that in the former case the scattering is isospin invariant, while the latter scatterings are isospin-violating. If the only non-decoupled squarks are first generation squarks then the sensitivities of direct detection experiments would have to be rescaled to account for the resulting isospin violation. That said, unless isospin violation yields significant destructive interference, the resulting degradation in sensitivity is typically an O(1) factor.
As mentioned in Sec. III A, approximate cross sections for the cases of light up or down squarks can be obtained by rescaling Equations 5 or 6 with the appropriate hypercharge, nucleon form factor, and squark mixing angle. We see that next generation direct detection experiments can probe models that are consistent with LHC data and that have sin(2φũ ,d ) 1. Referring to the 2σ ranges for Σ πN in Table I , we see that even if first generation squarks mediate bino-nucleon scattering, there is a factor of ∼ 2 uncertainty in B N u,d , leading to a factor of ∼ 4 uncertainty in σ N SI . In this case, the uncertainty comes mainly from the value of Σ πN , though the strangeness content of the nucleon still plays a significant role.
VI. CONCLUSIONS
We have considered the sensitivity of direct detection experiments to the spin-independent scattering of bino-like dark matter in a scenario within the MSSM in which some assumptions that lead to CMSSM-based intuition are relaxed. Our analysis has been undertaken from a , and with all other squarks assumed to be heavy. We assume maximal left-right squark mixing. The black line is the bound from current LUX data [38] , while the dashed red line is the sensitivity curve for LUX with 300 days of data, and the blue dot-dashed curve could be probed by LZ-7 [39] . The green bands indicate the uncertainty in the scattering cross section as a function of the strangeness content of the nucleon. The dark green band indicates the predicted SI-scattering cross section for σ 0 = 27 MeV and allows σ πN to vary within its 2σ uncertainty. The light green band indicates the predicted SI-scattering cross section if one decreases the strangeness content further, to a minimum of B N s = 0.5.
low energy point of view, allowing L-R squark (or slepton) mixing, and allowing the squark masses to take any values currently allowed by experimental constraints. In this scenario we have identified three decoupled sectors of the parameter-space which control different aspects of the physics: the leptonic sector controls the thermal relic density, the heavy squark sector controls the Higgs boson mass, and the light squark sector controls dark matter-nucleon scattering. For low-mass dark matter, this scenario thus corresponds to an extension of the ordinary CMSSM "bulk" region of parameter space, as discussed in [4] , where bino annihilation via slepton exchange is responsible for sufficiently depleting the dark matter relic density. For heavier dark matter, this scenario instead corresponds to a co-annihilation region, where the dark matter relic density is depleted through dark matter co-annihilation with a light squark. We have shown here that for models with significant left-right light squark mixing, and which are consistent with all other data, spin-independent dark matternucleon scattering can arise from squark exchange and can be observed with direct detection experiments such as LUX. The connection between model parameters and observed rates at direct detection experiments are sensitive to nuclear physics uncertainties, and in particular to the quark content of the nucleon. Recent results from lattice QCD suggest that the strange quark content of the nucleon is negligible, in which case light up or down squarks will likely be the dom-inant mediators of spin-independent scattering interactions. If the strange quark content is non-trivial, however, then light strange squark exchange can dominate spin-independent scattering.
Spin-independent scattering in this scenario defies some of the common lore associated with the more typical MSSM (or CMSSM) case, in which the dominant process is Higgs exchange. For example, in this scenario, spin-independent scattering need not be isospininvariant, and in general f n /f p can assume any value, including negative values. This opens the possibility, within the context of the MSSM, for destructive interference which significantly reduces the sensitivity of xenon-or germanium-based direct detection experiments, thus highlighting the necessity of multiple detector target materials. It is interesting to note that if data from the LHC should suggest that either up or down squarks are light, while all others are heavy, then this scenario would provide a prediction for f n /f p = B It is also interesting to note that the bino-nucleon scattering cross section exhibits an enhancement when mχ ∼ mf . This is also the region of parameter space in which bino coannihilation with light squarks can enhance the depletion of dark matter in the early universe, allowing the bino thermal relic density to be consistent with astronomical observations. The ordinary "coannihilation" region of CMSSM parameter space involves neutralino coannihilation with stops or staus; thus, we see that the extension of the CMSSM bulk region, which we focus on, naturally connects to an extension of the CMSSM coannihilation region (this time involvingũ,d, ors).
Next generation direct detection experiments, such as LZ-7, may be sensitive to spinindependent scattering via squark exchange even if the squarks are as heavy as several TeV. This sensitivity rises even more dramatically if the dark matter and squark are nearly degenerate in mass. For such heavy squarks, with mq 3 TeV, direct production at the LHC would be very difficult, and even indirect signatures may be hard to identify. In such cases, the first signs of squarks may arise from direct dark matter detection experiments. Although we have analyzed a MSSM scenario, this lesson is more general. The LHC excels at producing QCD-charged particles, and if new heavy QCD-charged particles exist then it is usually assumed that the LHC is the experiment best suited for discovering them. However, LHC sensitivity is sharply curtailed above the kinematic threshold for particle pair production. If very heavy QCD-charged particles couple to dark matter, however, lowbackground dark matter direct detection experiments may provide a complementary tool to high energy collider experiments.
Finally, we would like to draw attention to the detailed correlation between the dark matter-nucleon scattering cross section and the quark content of the nucleon. For example, if it is determined that bino-nucleon spin-independent scattering is dominated by the exchange of one flavor of first generation squarks, then the measurement of the relative strength of bino-proton and bino-neutron interactions determines the ratios B . If dark matter couples to nucleons via the exchange of non-degenerate squarks, then it provides a probe of the structure of the nucleon that is completely different from any other probe provided by the Standard Model, potentially allowing the possibility of using dark matter to study nuclear physics.
In the meantime, we encourage both investigations of the quark content of the nucleon and attention to these fundamental uncertainties that underly interpretations of results from direct dark matter searches.
parametrized by the mixing angle θ f for each squark flavor, in the notation of [18] . For a pure bino LSP, the effective coupling for the scalar mediated 4-point interaction is given by
